Exciton diffusion in monolayer semiconductors with suppressed disorder by Zipfel, Jonas et al.
Exciton diffusion in monolayer semiconductors with suppressed disorder
Jonas Zipfel,1 Marvin Kulig,1 Raül Perea-Causín,2 Samuel Brem,2 Jonas D. Ziegler,1 Roberto Rosati,2
Takashi Taniguchi,3 Kenji Watanabe,3 Mikhail M. Glazov,4 Ermin Malic,2 and Alexey Chernikov1, ∗
1Department of Physics, University of Regensburg, Regensburg D-93053, Germany
2Department of Physics, Chalmers University of Technology, Fysikgården 1, 41258 Gothenburg, Sweden
3National Institute for Materials Science, Tsukuba, Ibaraki 305-004, Japan
4Ioffe Institute, Saint Petersburg, Russian Federation
Tightly bound excitons in monolayer semiconductors represent a versatile platform to study
two-dimensional propagation of neutral quasiparticles. Their intrinsic properties, however, can be
severely obscured by spatial energy fluctuations due to a high sensitivity to the immediate environ-
ment. Here, we take advantage of the encapsulation of individual layers in hexagonal boron nitride
to strongly suppress environmental disorder. Diffusion of excitons is then directly monitored using
time- and spatially-resolved emission microscopy at ambient conditions. We consistently find very
efficient propagation with linear diffusion coefficients up to 10 cm2/s, corresponding to room tem-
perature effective mobilities as high as 400 cm2/Vs as well as a correlation between rapid diffusion
and short population lifetime. At elevated densities we detect distinct signatures of many-particle
interactions and consequences of strongly suppressed Auger-like exciton-exciton annihilation. Com-
bination of analytical and numerical theoretical approaches is employed to provide pathways towards
comprehensive understanding of the observed linear and non-linear propagation phenomena. We
emphasize the role of dark exciton states and present a mechanism for diffusion facilitated by free
electron hole plasma from entropy-ionized excitons.
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I. INTRODUCTION
A key property of low-dimensional semiconductors
with spatial degrees of freedom is their inherent capabil-
ity to facilitate transport of photoexcitations .1 In addi-
tion, effects of quantum confinement and reduced dielec-
tric screening can result in exceptionally strong Coulomb
interactions .2–5 As a consequence, propagation of pho-
toexcited charge carriers becomes highly correlated as
electrons and holes form bound exciton states .6,7 The ex-
citons can dominate the response to external fields and
lead to dramatic changes in the transport properties of
the optical excitations with immediate fundamental and
technological implications.
Prominent representatives of low-dimensional systems
combining translational symmetry and efficient Coulomb
coupling are semiconducting transition metal dichalco-
genides (TMDCs) .8 In their bulk form, TMDCs are van
der Waals crystals composed of stackedMX2 layers, typ-
ically, with M = Mo, We and X = S, Se, Te. On the
nanoscale, they can form stable structures down to the ef-
fective two-dimensional limit of a single monolayer as thin
as several angstroms .9–11 The TMDC family was shown
to host a rich variety of remarkable properties associated
with their peculiar electronic structure, spin-valley lock-
ing, strong light-matter interactions, and complex many-
body physics ,12–15 stimulating broad interest across the
research community.
More recently, an increasing amount of efforts was di-
rected to explore spatial properties of photoexcitations in
TMDC monolayers 16–28 in view of robust exciton states
combined with their freedom to move in two dimen-
sions. The excitons were found to be mobile with diffu-
sion lengths up to many 100’s of nanometers at ambient
conditions ,16,18–20,28 guided by strain and dielectric gra-
dients ,22,25,26 as well as exhibiting intriguing non-linear
phenomena during spatial propagation associated with
efficient interactions .17,21,23,24,27 In heterostructures, the
complex nature of the exciton transport was further
highlighted by the demonstration of non-trivial diffu-
sion of spin-valley polarized excitations ,29 interlayer ex-
citon diffusion ,30 and external control of the exciton
currents .31 Two-dimensional TMDCs thus emerged as
a highly promising solid-state platform for experimental
and theoretical inquiries into the physics of quasiparticle
propagation in complex multi-component systems on the
nanoscale.
However, ultra-thin materials such as TMDCs are
particularly susceptible to environmental disorder ,32
strongly affecting both optical and transport properties.
Following the original work on graphene ,33 encapsulation
of individual layers of TMDCs in hexagonal boron nitride
(hBN) recently emerged as a key technology to mitigate
inhomogeneities introduced by the immediate surround-
ings .34–38 It provided direct access to an array of inher-
ent properties of TMDCs including radiative broaden-
ing of optical transitions, reliable identification of exciton
complexes and their behavior, as well as the demonstra-
tion of high electronic mobilities. These recent advances
strongly motivate to explore linear and non-linear exci-
ton propagation in light of the rapid progress in mate-
rial preparation, as exemplified by the initial reports of
efficient diffusion in hBN-encapsulated WS2 and WSe2
monolayer samples .20,28 The improved material platform
should provide unique opportunities to access the physics
of mobile photoexcitations in monolayer semiconductors
in essentially disorder-free environments.
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2Here, we present the results of a joint experimen-
tal and theoretical study of exciton diffusion in hBN-
encapsulated WS2 monolayer samples. Using spatially-
and time-resolved micro-photoluminescence we directly
monitor spatial propagation of photoexcited electron-
hole pairs after optical injection at ambient conditions.
In the linear regime, we consistently find exceptionally
rapid diffusion with coefficients up to 10 cm2/s, corre-
sponding to room temperature effective mobilities as
high as 400 cm2/Vs. At increased densities, we observe
pronounced non-linearities in the propagation due to
many-particle interactions, but also the consequences of
strongly suppressed exciton-exciton annihilation.
To provide comprehensive, quantitative understanding
of our findings, we employ a combination of analytical
and numerical theoretical approaches to address both
linear and non-linear regimes of exciton diffusion. We
discuss the influence of a complex exciton bandstructure
and emphasize the role of both bright and dark states of
the excitons that are important to understand the spatial
properties of the studied system. In addition, we discuss
the consequences of the entropy ionization of excitons
that can lead to large fractions of free carrier popula-
tions and determine the diffusion in the low excitation
density regime. For elevated densities we demonstrate
the impact of reduced Auger-like recombination for the
propagation of optical excitations considering both en-
hanced broadening of the spatial distribution and halo-
like phenomena.
The manuscript is organized as follows. In Sec. II we
outline the details of the material fabrication and exper-
imental procedures. Section III provides an overview of
the main experimental observations with an illustration
of the key properties of density-dependent exciton propa-
gation in hBN-encapsulated TMDCs. The analysis of the
low-density regime is given in Sec. IV, focused on the ex-
citon diffusion in multi-component systems and the inter-
play with the non-radiative recombination dynamics, in-
cluding quantitative theoretical description of the studied
processes. Non-linear phenomena related to Auger-like
recombination are then discussed in Sec. V, illustrating
the consequences of suppressed exciton-exciton interac-
tion through analytical and numerical models. The main
findings and conclusions are summarized in Sec. VI.
II. EXPERIMENTAL DETAILS
The studied samples were obtained by mechanical exfo-
liation of chemically synthesized bulk crystals (WS2 and
WSe2 from “HQgraphene”, hBN from NIMS) onto poly-
dimethylsiloxane films. Subsequently, individual flakes
were stamped following the procedure from Ref. 39 onto
70oC pre-heated SiO2/Si substrates starting with a thin
hBN layer, followed by a TMDC monolayer that is then
capped by a thin hBN layer. The average thickness of
the hBN flakes estimated from optical contrast and sup-
ported by atomic-force-microscopy was on the order of
5 to 15 nm. The fabrication method typically provided
hBN/TMDC/hBN heterostructures with an average area
of several 100’s of µm2.
The samples were first analyzed by linear reflectance
and continuous-wave photoluminescence mapping at
cryogenic and room temperatures. For the subsequent
experiments, sufficiently large regions in the range of 10’s
to 100 µm2 with good interlayer contact between TMDC
monolayers and the surrounding hBN flakes were iden-
tified. Key prerequisites were characteristically narrow
spectral linewidths of the exciton ground and excited
state resonances, limited to several meV at low tem-
peratures .40,41 These regions were then used for opti-
cal measurements of exciton diffusion, as schematically
illustrated in Fig.1 (a). A short laser pulse from the
100 fs Ti:sapphire laser operating at the repetition rate
of 80MHz was tightly focused on the sample by a 100x
microscope objective. The resulting full-width at half-
maximum of the laser spot was 0.6µm. The photon en-
ergy of the incident beam was tuned to 2.4 eV, roughly
corresponding to a non-resonant excitation of the WS2
monolayer into the flank of the spin-split B-exciton .42
All measurements were performed at room tempera-
ture and ambient conditions. In this regime, the excitons
form rapidly in TMDC monolayers on sub-picosecond
timescales ,43,44 thermalize to the lattice temperature
within a few picoseconds ,45 diffuse and finally recombine
on the timescale of 10’s to 100’s of picoseconds in typ-
ical samples. Due to the comparatively fast formation
and thermalization, the radiative recombination of the
small population of bright excitons within the radiative
cone allows us to follow the dynamics of the total exciton
population, as discussed in Ref. 46. Spatially- and time-
resolved emission intensity IPL(r, t) is then monitored
by imaging the luminescence cross-section onto a streak-
camera detector (see Ref. 21 for additional details). Using
this technique we directly obtain time-dependent profiles
of the spatially-resolved exciton emission with the tem-
poral resolution of a few picoseconds.
III. EXCITON DIFFUSION
A. Linear regime
Typical spatial luminescence profiles of a hBN-
encapsulated WS2 monolayer are presented in Fig. 1 (b)
on a semi-logarithmic plot immediately after the exci-
tation at 0 ps and at a later time, for 40 ps. The data
already indicates rapid, time-dependent spatial broaden-
ing of the exciton distribution. For quantitative analy-
sis, spatially-resolved PL intensity profiles IPL(r, t) are
fitted at each time step t by a Gaussian function, ∝
exp [−r2/w2(t)]. The squared width w2(t) of the spatial
distribution can be then separated in two components,
according to w2(t) = w20 + ∆w2(t): the time-independent
broadening w20 determined by the initial PL profile at t=0
convoluted with the spatial instrument response function,
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FIG. 1. (a) Schematic illustration of the spatially- and time-
resolved photoluminescence microscopy on hBN-encapsulated
WS2 monolayer samples. (b) Representative emission cross-
sections immediately after the excitation at 0 ps and for 40 ps.
(c) Extracted relative change of the squared width of the lumi-
nescence profiles as function of time after the optical injection.
The data is shown for several pump energy densities in the
low-density regime, for two representative hBN-encapsulated
flakes (I and II) and for a bare, as-exfoliated monolayer on
SiO2/Si substrate (taken from Ref. 21). (d) Corresponding
linear spectroscopy data confirming narrow spectral lines re-
sulting from hBN-encapsulation. (e) Time-resolved PL tran-
sients from the hBN-encapsulated samples in direct compar-
ison with an as-exfoliated flake. Instrument response of the
experimental setup is denoted by IRF.
and the time-dependent contribution ∆w2(t). We note
that due to the squared sum rule for the widths of two
convoluted Gaussians, the ∆w2(t) contribution is not ex-
pected to depend on the initial spot width and broaden-
ing from the instrument response.
Figure 1 (c) shows time-dependent traces of the in-
crease of squared emission width obtained from two rep-
resentative samples of hBN-encapsulated WS2 mono-
layers in the linear excitation regime. For comparison
we also include the data from a typical as-exfoliated
WS2 flake on SiO2/Si substrate, taken from our previ-
ous study .21 An effective diffusion coefficient D is then
extracted from the slope following the solution of the lin-
ear diffusion equation, according to ∆w2(t) = 4Dt. For
the presented data at low injection densities, ∆w2(t) in-
creases linearly with time and does not depend on the
pump power. We note, however, that D can be generally
both density- and time-dependent if the propagation dy-
namics deviate from the linear diffusion law. In addition,
extraction of the diffusion coefficient can be further influ-
enced by non-linear recombination processes at elevated
densities, as previously demonstrated for bulk Cu2O 47
and monolayer TMDCs ,21 discussed in Sec. V.
Interestingly, as illustrated in Fig. 1 (c), the slope
of ∆w2(t) is roughly 20 times steeper for the hBN-
encapsulated monolayers in contrast to the as-exfoliated
one. That corresponds to an increase of the diffusion co-
efficient from 0.4 cm2/s to 8 cm2/s. Such efficient exciton
propagation in the hBN-encapsulated samples is found
to be strongly correlated to the observed spectral prop-
erties, presented in Fig. 1 (d). One of the most important
consequences of encapsulation is exemplified by narrow
spectral widths of the resonances. In general, at elevated
temperatures, including the room temperature where our
diffusion measurements are performed, the main broad-
ening mechanism of the optical transition stems from the
exciton-phonon scattering due to the thermal activation
of the phonon modes.40,41 For the studied room temper-
ature conditions, the linewidths should be thus domi-
nated by the homogeneous component with additional,
weaker contributions from the phonon-assisted sidebands
at the low-energy side of the emission spectrum .48 In
contrast, cryogenic temperatures strongly suppress the
exciton-phonon interaction by reducing the phase space
for the optical and intervalley acoustic phonon emission
and decreasing the number of available low-energy acous-
tic phonons. Low-temperature conditions thus allow for
a better analysis of additional inhomogeneous contribu-
tions from disorder.
Measured room temperature spectra from reflectance
and continuous-wave PL shown in Fig. 1 (d) already ex-
hibit exciton linewidths on the order of 25meV that cor-
respond reasonably well to the theoretical predictions for
intrinsic scattering in monolayer WS2 .40,49 Most impor-
tantly, though, both exciton ground and excited state
resonances are extremely narrow in the 5K reflectance
derivative data in Fig. 1 (d), as it is typically observed
for successfully encapsulated TMDCs .34–38 In addition,
the optical response is dominated by the neutral exciton
resonance with only weak signatures at lower energies re-
lated to free carriers, indicating small residual doping .15
A key prerequisite for the narrow linewidths is a ho-
mogeneous dielectric environment of the monolayer pro-
vided by the encapsulation between atomically flat hBN
flakes. The procedure essentially removes dielectric dis-
order that otherwise arises from local fluctuations of the
external dielectric permittivity and can dominate inho-
mogeneous broadening in as-exfoliated flakes .32 The ab-
solute value of the non-radiative linewidth of the exciton
ground state extracted from the reflectance spectrum in
Fig. 1 (d) is below 2meV, already limiting potential con-
tributions from disorder to this small energy range. How-
ever, the actual residual inhomogeneous contribution in
our samples is likely to be even less than 1meV, since we
already expect an intrinsic non-radiative broadening in
WS2 of a few meV due to the relaxation of the K-point
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FIG. 2. (a) Relative change of the squared width of the luminescence profiles as function of time after the excitation presented
for a number of pump energy densities from 1.4× 101 to 5.4× 104 nJ/cm2. The data is vertically offset for better comparison.
Effective diffusion coefficients are extracted from the slopes of the linear fits, shown as solid lines. (b) Overview of the extracted
effective diffusion coefficients from several individual measurements (open circles) on hBN-encapsulated WS2 samples together
with the averaged result (solid red circles) as function of injected electron-hole pair density. The shaded area roughly illustrates
the general density dependence of the measured values. Data from an as-exfoliated sample on SiO2/Si substrate are added for
comparison, taken from Ref. 21. It is plotted for the same electron-hole pair energy densities taking into account about factor
of two higher effective absorption of the as-exfoliated sample (the top x-axis should be thus understood as being shifted by
factor of two to higher densities in this case, c.f. Ref. 21). (c) Corresponding PL decay times of the hBN-encapsulated samples
for several representative flakes.
excitons towards dark intervalley states .40,41,49 The im-
pact of disorder should be thus negligible at elevated tem-
peratures, so that the hBN-encapsulated monolayers can
be considered as essentially disorder-free for the room-
temperature propagation studies.
In this context we emphasize that the observed mitiga-
tion of the spatial fluctuations in the average potential,
i.e., long-range disorder, does not generally imply com-
plete absence of all imperfections. For example, the pres-
ence of deep trap states is not expected to strongly con-
tribute to the linewidth broadening, dominated by intrin-
sic ultra-fast exciton-phonon scattering at elevated tem-
peratures and by radiative recombination at liquid he-
lium temperature, limiting the exciton polarization life-
time (dephasing time) .40,41 Instead, propagation of the
photoexcited carriers towards the traps and the subse-
quent capture strongly influences the total population
lifetime of the photoexcited electron-hole pairs and the
overall quantum yield of the material .50 In contrast to
the phonon-induced polarization dephasing, these pro-
cesses typically occur on much longer time-scales from
a few up to 100’s of picoseconds. As a consequence, the
decay of the PL transients is usually considered to be lim-
ited by such non-radiative recombination mechanisms, in
particular, at higher temperatures.
Interestingly the PL lifetime of the studied samples
seems to consistently decrease upon hBN-encapsulation,
from many 100’s to a few 10’s of picoseconds, as illus-
trated by representative transients in Fig. 1 (e). More-
over, the observed change of the characteristic decay con-
stants is roughly proportional to the difference of the dif-
fusion coefficients. A possible mechanism for this behav-
ior originating in the interplay between propagation and
non-radiative capture is discussed in detail in Sec. IV.
B. Density dependence
To study the influence of interactions between photoex-
cited electron-hole pairs, exciton diffusion experiments
were performed across more than four orders of magni-
tude of pump densities. Representative time-dependent
squared widths ∆w2(t) of the spatial emission profiles
are shown in Fig. 2 (a). Overall, the exciton expan-
sion ∆w2(t) is found to change both strongly and non-
monotonously between low and high density regimes.
From the linear fits we extract density-dependent ef-
fective diffusion coefficients during the time interval of
0 . . . 40 ps after the excitation, roughly corresponding to
the lifetime of more than 90% of the injected popula-
5tion. The corresponding individual values are presented
in Fig. 2 (b) for varying flakes and measurement positions
together with the arithmetic average. The results from an
as-exfoliated sample on SiO2/Si substrate are added for
direct comparison. The upper abscissa axis indicates the
average energy density per pump pulse within the width
of the excitation spot and the lower abscissa axis corre-
sponds to the estimated injected total electron-hole den-
sityNtot. For the latter we used the absorption coefficient
at the pump energy of 0.05 obtained from the linear re-
flectance measurements combined with the analysis of the
dielectric function and local field effects from multi-layer
interference in hBN-encapsulated samples. We note that
all excitation densities (up to several 1012 cm−2) used in
our experiments are estimated to be well below the Mott
threshold 5,51 of exciton ionization that should be close
to 1013 cm−2 or above .52,53
For the exciton propagation, three characteristic
regimes are identified, roughly indicated by (1), (2), and
(3) in Fig. 2 (b). At electron-hole pair densities below
1010 cm−2 we observe a constant diffusion coefficient in
the range between 5 and 10 cm2/s within experimental
uncertainty. These values are much higher than in the as-
exfoliated samples and rather close to those recently re-
ported for hBN-encapsulated WSe2 monolayer .20 In the
intermediate density regime between 1010 and 1011 cm−2
the diffusion coefficient first decreases down to values of
about 1 to 3 cm2/s. Finally, it increases again up to
30 cm2/s for densities above 1011 cm−2. Interestingly, the
population lifetime exhibits only a weak density depen-
dence across the studied excitation range, as illustrated
by PL decay times presented in Fig. 2 (c), in good agree-
ment with a previous report .54
In the following we focus on the individual aspects of
these rich experimental observations in the exciton prop-
agation, discuss the underlying mechanisms, and relate
our findings to the properties of the interacting many-
particle system of electron-hole states in the studied
TMDC monolayers.
IV. LINEAR REGIME ANALYSIS
In this section we discuss the exciton propagation in
the low density regime, where non-linearities are unex-
pected, and for densities where the first transition to-
wards a non-linear behavior occurs. These regions are
marked by (1) and (2) in Fig. 2 (b), respectively. First,
we focus on the mechanisms determining the diffusion
of excitons within a complex multi-valley bandstructure
and illustrate the influence of the electron-hole plasma on
the spatial properties of the photoexcited carrier system.
Subsequently we discuss the observation of short popula-
tion lifetimes in hBN-encapsulated samples that accom-
panies rapid diffusion. We outline potential mechanisms
of this relationship and illustrate a model scenario for the
interplay of propagation and non-radiative capture.
A. Multi-valley exciton diffusion
First, we address a basic question: What determines
room-temperature exciton diffusion in the studied TMDC
monolayers? Immediately, one could consider the total
scattering time τs of about 30 fs obtained from the spec-
tral broadening of the bright exciton resonance on the or-
der of 25meV due to exciton-phonon interaction .40,41,49
As discussed in the literature also for TMDCs ,17,21 one
could approximately use the relation D = kBT (τs/mX)
to estimate the diffusion coefficient, where kB is the
Boltzmann constant, T is the exciton temperature, and
mX is the total mass of the exciton. Due to the fast
cooling of excitons at elevated temperatures 45 compared
to much longer population lifetimes, the exciton temper-
ature should be close to that of the lattice. Depending
on the choice of the mass parameter mX , e.g., between
0.5 and 1 of the free electron mass m0, the scattering
time of 30 fs yields diffusion coefficients between 1 and 2
cm2/s. Notably, this simple relation severely underesti-
mates measured values of the diffusion coefficient in the
range of 5 to 10 cm2/s [c.f. Fig. 2 (b)], motivating a more
detailed analysis.
The initial step is to accurately consider the role of
the dark exciton states that are particularly important in
tungsten-based TMDCs such as the studied WS2 mono-
layers. Both the spin-splitting of the conduction band
and the presence of the Λ valley between Γ and K com-
bined with influence of the Coulomb interaction results
in a manifold of exciton ground states that are relevant at
room temperature. These can be labeled by the respec-
tive electron transitions: intravalley K −K singlets and
triplets, intervalleyK−K ′ andK−Λ singlets, andK−Λ′
triplets as well as the corresponding permutations for the
electronic transitions from the K ′ valley. The terms “sin-
glet” and “triplet” relate to the conventional electron-hole
picture, indicate the spin degeneracy, and correspond to
the total exciton spin of 0 and 1, respectively. The rel-
evant parts of the exciton bandstructure for monolayer
WS2 are schematically illustrated in Fig. 3 (a).
In the experiment, the detected luminescence arises
from the bright exciton states at K−K and K ′−K ′ with
the center-of-mass momentum close to zero, i.e., those
within the radiative cone. The majority of the popula-
tion, however, that also determines the diffusion dynam-
ics on the studied time-scale of several 10’s of picoseconds
resides in lower-lying states .46 The energy separation of
intravalley K−K triplets and intervalley K−K ′ singlets
with respect to the bright K − K state is well estab-
lished for hBN-encapsulated W-based TMDC monolay-
ers .55 Taking the single-particle conduction-band split-
ting 56 and electron-hole interaction into account by solv-
ing the Wannier equation in the thin-film limit, one ob-
tains the corresponding splitting of about 50meV for
WS2. Here we also note that as long as the value is larger
than the thermal energy at room temperature of about
26meV, the respective exciton states should be predom-
inantly populated. In contrast, the precise energy offset
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FIG. 3. (a) Schematic illustration of the exciton bandstruc-
ture in hBN-encapsulated WS2 relevant for the studied dif-
fusion at room temperature. The exciton states are denoted
according to their respective electronic transitions, including
only the ones originating from the top valence band at K-
valley due to a large energy-offset of the lower spin-split band.
The expected occupancy for the majority of the exciton pop-
ulation at room temperature is approximately indicated by
the filled areas. The energy offset of the threefold degenerate
K − Λ and K − Λ′ states is denoted by ∆K−Λ. (b) Theoret-
ically calculated total exciton diffusion coefficients at room
temperature as function of the energy offset of the K −Λ ex-
citon relative to the bright K −K singlet state. The exciton
diffusion calculated including only the K − K and K − K′
states is added for comparison. Gray area indicates the es-
timated splitting of the K − Λ exciton states based on the
conduction band offsets from Ref 56.
for the K −Λ states is less clear, since direct experimen-
tal access has been challenging so far. The values thus
largely rely on the conduction band offsets obtained from
ab-initio calculations that can vary within many 10’s of
meV for WS2 in particular .56–58
In the context of the band structure depicted in
Fig. 3 (a), the symmetry between triplet and singlet
states with the same energy and effective masses results
in the same scattering and diffusion efficiency. As a con-
sequence, the overall exciton population in triplet states
diffuses in the same way as the population in the corre-
sponding singlet states. In addition, the impact of spin-
flip exciton-phonon scattering on the overall diffusion
should be very small due to the long scattering times 59
compared to the ultrafast spin-conserving scattering .40
We can thus neglect spin-flip processes in our model. In
this situation, the phonon modes involved in the exciton
scattering are the in-plane longitudinal and transversal
acoustic (LA, TA) and optical (LO, TO) modes and the
out-of-plane A1 mode at the Γ, Λ, and K points .60
To microscopically calculate exciton diffusion we scan
across a relevant range of the K−Λ exciton energy split-
ting with respect to the bright K −K exciton state and
compute the total diffusion of the distributed exciton
population. Following our previous work ,46 we set up
equations of motion for the exciton occupation in differ-
ent valleys by exploiting the Heisenberg equation with
the many-particle Hamilton operator in the excitonic ba-
sis, including carrier–light, carrier–phonon, and carrier–
carrier interactions. We use ab-initio parameters for
the electronic 56 and phononic 60 properties of monolayer
WS2 and calculate the time-, space- and energy-resolved
dynamics of the exciton occupation in the Wigner rep-
resentation. We then extract the exciton diffusion coef-
ficient from the slope of the temporal evolution of the
squared width of the exciton spatial distribution.
Theoretically computed exciton diffusion coefficients
are presented in Fig. 3 (b) as function of the energy off-
set of K − Λ exciton states with respect to the bright
K −K states. Intra- and intervalley scattering processes
are included for the K −K, K −K ′, and K − Λ valley
configurations and the diffusion coefficient of the overall
exciton population is extracted from the numerical sim-
ulations. For comparison, we also include the exciton
diffusion neglecting K − Λ states as a limiting case. In
addition, the approximate range of energy positions of
the K − Λ exciton state based on different ab-initio val-
ues of the conduction band splitting of the Λ valley from
single-particle bandstructures56 are indicated by the gray
area. Altogether, our theoretical results show that one
can, in principle, expect exciton diffusion coefficients in
the range of 1 to 4 cm2/s, depending on the relative en-
ergy of the K − Λ state. As a consequence of a com-
plex exciton bandstructure, the diffusion coefficients can
thus indeed deviate from the initial simplified estima-
tions that were based entirely on the scattering time of
the bright state. Nevertheless, the values are still below
experimentally obtained coefficients in the 5 to 10 cm2/s
range, especially for more realistic splitting parameters
of the K − Λ exciton.
Here we emphasize again that we can largely exclude
potential contributions from non-thermalized hot exci-
tons, since the room temperature cooling should occur
extremely fast, within the first few picoseconds 45,46 in
contrast to the studied range of many 10’s of picoseconds.
In addition, measurements of consistently high diffusion
across roughly an order of magnitude of excitation densi-
ties indicate that hot-phonon related phenomena 24,27,61
7should not play a role under these conditions. Since the
finding of diffusion coefficients (or effective mobilities)
that are much higher than the theoretical limit is rather
uncommon, we need to consider alternative sources that
may facilitate efficient propagation of the optical excita-
tions. In the following we argue that a finite population
of free electron-hole plasma with comparatively high dif-
fusion coefficients can indeed provide such a source.
B. Influence of the electron-hole plasma
In TMDC monolayers it is commonly understood that
the excitons are stable under a broad range of density
and temperature conditions due to their high binding en-
ergies .15 While it is indeed often the case, there is never-
theless a number of scenarios where large populations of
free electrons and holes can be expected .53 For example,
at high excitation densities beyond the Mott-transition
threshold, the excitons cease to be bound states due to
screening and Pauli-blocking 51–53,62 leading to the emer-
gence of a dense electron-hole plasma. Interestingly, also
at sufficiently low densities the occupation of free carrier
states can be favored and the formation of the excitons
suppressed.
This phenomenon, known as “entropy ionization” from
the literature ,63 can be qualitatively understood by con-
sidering the free energy F = U − ST of the system that
is minimized at thermal equilibrium. The exciton con-
tribution to the internal energy U is lower than that of
the free carriers due to the finite binding energy, favoring
their formation at lower temperatures T . On the other
hand, the entropy S is higher for an unbound electron-
hole pair in contrast to the exciton due a larger number
of micro-states available for uncorrelated charge carriers.
At elevated temperatures and sufficiently low densities
the entropy term becomes dominant, leading to the pref-
erential occupation of free electron and hole states in-
stead of the excitons.
For TMDC monolayers at room temperature, it was
predicted 53 that one can expect significant population
of free carriers already for electron-hole pair densities of
1010 cm−2 and below, depending on the dielectric envi-
ronment determining the value of the exciton binding en-
ergy. These densities can be relevant for a broad range of
realistic experimental condition both for continuous wave
and pulsed excitation, as used in our study, motivating
the necessity to examine the exciton-plasma equilibrium
more closely. In the following, we use a simplified ap-
proach of neglecting any Coulomb renormalization effects
and treating the excitons and free charge carriers in our
system as classical gases. This should be well justified
by comparatively high temperatures and low occupation
densities between 108 and 1010 cm−2 in the studied exci-
tation regime. We estimate that the upper applicability
limit should be on the order of several 1011 cm−2 at room
temperature.
The free energy density can be then presented in the
following form:
F =
∑
p
npkBT
(
ln
np
DpkBT − 1
)
+ npEp, (1)
where np is the density of the p-th type of particle with
the subscript p running through all relevant free electron
and hole states atK, K ′ and Λ valleys as well as the exci-
tons, taking into account the respective degeneracies. Ep
denotes the relative energy of the state including band
offsets and binding energies, and Dp represents the den-
sity of states in two-dimensions, according to:
Dp = gp mp
2pi~2
, (2)
with the center-of-mass mp and the degeneracy factor gp.
In addition, we set conditions for the conservation of the
total, photoinjected electron-hole pair density Ntot in the
system:64
Ntot =
∑
k
(excitons)
nX,k +
∑
j
(holes)
nh,j ≡ n¯X + n¯h, (3)
and for the charge neutrality:
0 =
∑
j
(holes)
nh,j −
∑
i
(electrons)
ne,i ≡ n¯h − n¯e. (4)
Here, the densities of the individual exciton (nX), hole
(nh), and electron (ne) states are enumerated by k, j,
and i, respectively. The bar on top denotes the total
density. These expressions are derived under the condi-
tions of negligible doping in the system (see the discussion
below and in the AppendixA). From the Eqs. (1). . . (4)
we obtain a set of equations for the individual densities
np that are solved numerically as function of the total
density Ntot for a fixed temperature. The equations and
their solutions are presented in detail in AppendixA.
Interestingly, one can also show that the results for
any complex multi-band scenario with parabolic bands
can be obtained from a single equation for the total den-
sities of excitons n¯X , free holes n¯h, and free electrons
n¯e (commonly known as Saha-equation or mass action
law 63) with an appropriately chosen parameter S:
n¯en¯h
n¯X
= S, (5)
and the analytical solution for the exciton fraction αX :
αX ≡ n¯X
Ntot
= 1 +
S
2Ntot
−
√(
S
2Ntot
)2
+
S
Ntot
. (6)
The derivation of the mass action law from Eq. (1) and
the comparison between the full multi-band solution and
the Saha-equation are given in AppendixA.
8108 109 1010 1011
0.0
0.5
1.0
0.0
0.5
1.0
108 109 1010 1011
1
10
(a)
T
o
ta
l 
d
if
f.
 D
(c
m
2
/s
)
Total electron-hole pair density Ntot (cm
-2)
E
x
ci
to
n
 f
ra
ct
io
n
plasma
excitons
(b)
E
x
ci
to
n
 f
ra
ct
io
n
Photoexcited density Ntot – ne0 (cm
-2)
108
109
1010
1011
0
ne0 (cm
-2)
(c)
Exp.
average
S=2.6
S=13
Theor. 
as-meas.
FIG. 4. (a) Calculated fraction of the combined exciton pop-
ulation as function of the total electron-hole pair density for
two different values of the Saha-parameter S, given in units
of 108 cm−2. (b) Corresponding density dependence of the
composite diffusion coefficient of propagating excitons and
free charge carriers. Experimental data in the low-excitation
regime from Fig. 2 (b) are presented for direct comparison.
(c) Calculated exciton fractions for varying electron doping
densities as function of the photoexcited electron-hole pair
density.
Using the bandstructure parameters from the lit-
erature and evaluating the exciton energies of the
studied hBN-encapsulated WS2 monolayers, we ob-
tain S=2.5× 108 cm−2. The corresponding exci-
ton fraction is presented in Fig. 4 (a) by the dot-
ted line. To provide an example illustrating the
sensitivity with respect to the key parameters we
also show the result for slight adjustments of the
fixed values (within 10 to 30%): ∆mX =+0.3m0,
∆Ebind=−20meV, ∆T =+15K, ∆EΛ =+23meV. This
yields S=13× 108 cm−2 and the corresponding exciton
fraction is shown by the solid line in Fig. 4 (a). In both
cases the exciton fraction strongly decreases below the
total density of 1010 cm−2, with the majority of the pop-
ulation forming free electron-hole plasma. Hence, it is
indeed necessary to examine the diffusion properties of a
composite system in the presence of sizable densities for
both bound and unbound charge carriers.
For this purpose, we consider a set of two coupled dif-
fusion equations for the total densities of excitons n¯X and
electron-hole plasma n¯eh, since free electrons and holes
should diffuse together to conserve electro-neutrality:
∂n¯X
∂t
= DX∆rn¯X +D
′
X∆rn¯eh
− n¯X
τX
− n¯X − νX n¯eh
τi
, (7a)
∂n¯eh
∂t
= Deh∆rn¯eh +D
′
eh∆rn¯X
− n¯eh
τeh
+
n¯X − νX n¯eh
τi
. (7b)
HereDX is the exciton diffusion coefficient andDeh is the
electron-hole plasma diffusion coefficient, i.e., the average
diffusion coefficient of the free electrons and holes. D′X
and D′eh are the trans-diffusion coefficients related to the
exciton current driven by the plasma gradient and vice-
versa. The recombination times of excitons and electron-
hole pairs in the plasma are denoted by τx and τeh, re-
spectively. The exciton ionization rate is represented by
τi and νX ≡ n¯(eq)X /n¯(eq)eh is the ratio of the exciton density
to the density of unbound pairs in thermal equilibrium.
The Laplace operator is denoted by ∆r, defined with re-
spect to the radial in-plane coordinate r.
In the following we assume that the ionization equilib-
rium is established sufficiently fast as compared to the
population lifetime, i.e., τi  τX , τeh. On the other
hand, τi should be slower than the total momentum re-
laxation times of excitons and of plasma, since the later
include both processes associated with τi but also ad-
ditional exciton-phonon and electron/hole-phonon scat-
tering events that are very efficient in TMDCs at room
temperature. For simplicity we further assume that the
densities of excitons and of electron-hole pairs are suf-
ficiently low so that plasma-driven exciton currents and
exciton-driven plasma currents can be neglected. Hence
we set D′X=D
′
eh=0 in the following and consider only the
diffusion of the individual constituents DX and Deh.65
As a consequence, in the equation set (7) there is a fast
mode associated with the relaxation towards the equilib-
rium n¯X − νX n¯eh that quickly relaxes to zero and a slow
mode corresponding to the total density of the particles
Ntot = n¯X + n¯eh that is relevant for the combined diffu-
sion. Following from the relations n¯eh = Ntot/(1 + νx)
and n¯x = νxNtot/(1 + νx) for fast ionization processes,
the total particle density Ntot obeys a simple diffusion
equation:
∂Ntot
∂t
= ∆(D¯Ntot)− Ntot
τ¯
(8)
with
D¯ = αehDeh + αXDX , (9a)
τ¯−1 = αehτ−1eh + αXτ
−1
X . (9b)
Here, αeh=n¯eh/(n¯X + n¯eh) and αX=n¯X/(n¯X + n¯eh) de-
note the respective fractions of plasma and excitons.
It follows that the combined diffusion coefficient of the
9electron-hole population is composed of the individual
coefficients of plasma and excitons weighted by their rel-
ative densities. Here we emphasize that both fractions
αeh = αeh[Ntot(r, t), T ] and αX = αX [Ntot(r, t), T ] are
functions of temperature and local density, rendering the
diffusion equation (8) generally non-linear.
To describe the experimentally studied scenario we
then combine the description of exciton-plasma equilib-
rium with that of the multi-component diffusion. The
individual diffusion coefficients of excitons and plasma
are fixed to the results of the microscopic calculation via
Bloch-equations approach outlined further above and to
the ab-initio calculations from Ref. 60 respectively, i.e.
to DX=1 cm2/s and Deh=11 cm2/s (using literature pa-
rameters for the electron and hole properties as well as
∆K−Λ = −26meV). As an initial condition at time t = 0
we fix the total density distribution to the excitation spot
profile and the estimated injected densities from the ex-
periment. Subsequently, we solve Eq. (8) numerically
with D¯ depending on Ntot via Eqs. (9a) and (6) and the
population lifetime calculated after Eq. (9b) using a sim-
ilar approach. In this way we obtain Ntot(r, t). From
these we extract an effective diffusion coefficient for each
excitation density to compare with the experiment.
Theoretically obtained density-dependence of the effec-
tive diffusion coefficient is presented in Fig. 4 (b). The re-
sults correspond to the two choices of the Saha-parameter
shown in Fig. 4 (a) and include the experimental data
both from the individual measurements and the average.
Considering the spread of the data and potential varia-
tions of the system parameters, the quantitative agree-
ment is very reasonable. Importantly, the model captures
both the high values of the diffusion coefficient found
at low densities but also naturally explains the subse-
quent decrease observed at higher densities, marked by
the distinct regimes (1) and (2) in Fig. 2 (b), respectively.
We may thus conclude that sizable populations of the
electron-hole plasma in the low-density regime due to
entropy ionization of the excitons can indeed drive the
overall propagation efficiency of the photoexcited charge
carriers. As the density increases, the relative fraction of
plasma decreases and the diffusion coefficient approaches
the intrinsic value for the excitons.
We note, however, that the proposed model is subject
to an important limitation. Realistic TMDC materials,
even after encapsulation in hBN, often exhibit a small
residual amount of doping. It is usually relatively low,
as in the case of the studied samples, where we can only
estimate it to be of n-type and below 1011 cm−2 from
reflectance measurements at cryogenic temperatures. To
analyze the implications of doping, the above analysis
can be readily extended to allow for the presence of
resident carriers (see AppendixA for details). Calcu-
lated exciton fractions for the doping densities between
108 and 1011 cm−2 are presented in Fig. 4 (c) as func-
tion of the photoexcited electron-hole-pair density. We
see that already for relatively low densities on the or-
der of 109 cm−2, the equilibrium is shifted to favor the
exciton population. A finite doping density of free elec-
trons would thus stabilize the exciton formation. One can
roughly understand that by considering that it is much
easier for a photoexcited hole to find an electron to form
an exciton in the presence of resident electrons.
Importantly, such densities can not be unambiguously
excluded in the experiment, even if one might expect non-
uniform distribution of dopants, localized in smaller pud-
dles and leaving undoped areas in-between governing the
diffusion. In addition to that, bright and dark trion states
should form and further affect the specific ratios of the
electron-hole pair distributions in the equilibrium. Thus,
the simplified analysis presented in Fig. 4 (c) should be
considered as an illustration of the general influence of
residual doping on the equilibrium exciton fractions. The
actual experimental scenario is likely to be more com-
plex, strongly motivating further investigations into the
subject. These would ideally combine precise determina-
tion and control of the doping down to very low densi-
ties as well as direct measurements of the electron-hole
plasma, either by intraband, interband, or photocurrent
spectroscopy.
To summarize, the following can be concluded with re-
spect to the initial question regarding the mechanisms de-
termining room-temperature linear diffusion in the stud-
ied hBN-encapsulated WS2 monolayers. In general, it
is important to consider the presence of dark states in
tungsten-based materials for accurate description of the
exciton propagation. Importantly, the resulting effective
exciton diffusion coefficient can strongly vary depending
on the relative valley alignment. The exciton diffusion
alone, however, does not seem to fully account for the
experimental findings, underestimating the measured val-
ues by a factor of at least 2 and up to 10. A promising
hypothesis involves the presence of sizable plasma pop-
ulations in the system due to the entropy ionization of
excitons at low excitation densities, providing a reason-
able quantitative description of the experiment. Pho-
toexcited, thermally stabilized free electrons and holes
are expected to diffuse much faster than the excitons.
They can thus dominate the propagation of the total
photoexcited population, even as the role of the resid-
ual doping remains an important consideration for the
validity of this scenario.
C. Recombination dynamics
In the previous subsection we discussed possible origins
of the observed efficient diffusion in hBN-encapsulated
samples. Notably, in addition to determining the
timescales for exciton diffusion we also find a strong cor-
relation between rapid propagation and carrier lifetime
dynamics that we address in the following. As we demon-
strate, the experimental finding are robust across many
sample positions and individual flakes both in our data
and in the literature .54 The relationship between pop-
ulation lifetime and diffusion coefficients is presented in
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Fig. 5 (a). Here, the PL lifetime is plotted as function
of the linear diffusion coefficient for a sufficiently large
number of studied flakes and measurement positions.
The data illustrates consistent differences between the
as-exfoliated (on SiO2/Si substrates and freestanding)
and hBN-encapsulated samples as well as within the in-
dividual sample sets. Considering the underlying mecha-
nisms, room-temperature recombination is typically lim-
ited by non-radiative processes associated with imperfec-
tions. Thus, a number of possible scenarios might occur
as a consequence of encapsulation.
It is nevertheless instructive to examine the following
basic model. As a limiting case, we can assume that the
non-radiative recombination is provided by a finite trap
density that is of the same order of magnitude in as-
exfoliated and encapsulated samples. This proposition
could be reasonable considering that many of the trap
states are likely to already reside within the material it-
self ,66 at least in the studied WS2 samples, and are not
necessarily associated with the choice of the substrate.
Only moderate increase of the exciton lifetime from about
0.5...0.7 ns in SiO2-supported samples to 0.8...1 ns in free-
standing flakes 21 are consistent with this assumption.
Since the excitons have to propagate and reach the re-
gions of non-radiative traps to be captured, as schemat-
ically illustrated in Fig. 5 (b), we could expect that the
capture rate may be indeed dependent on the diffusion ef-
ficiency. That would mean that the faster the excitons or
free charge carriers travel across the material, the sooner
they will encounter non-radiative centers and recombine.
For a quantitative description of the diffusion-limited
non-radiative capture we extend the model of the car-
rier capture used for bulk materials67 to two-dimensional
semiconductors. The details of the model are presented
in the Appendix B and we summarize the main results
in the following.
Here we consider the case where the characteristic ra-
dius r0 of the traps is large compared with the mean free
path ` of the excitons, i.e., r0  ` = 〈v〉τ with τ being
exciton momentum relaxation time and 〈v〉 being the ex-
citon thermal velocity. We note that this approach works
analogously both for excitons and plasma diffusion. In
order to determine the capture rate we solve the diffusion
equation for the steady state (setting ∂nX/∂t = 0) in the
vicinity of the trap:
D∆nX = 0, (10)
with the boundary condition
nX(r0) = 0. (11)
The condition (11) means that all excitons which reach
the trap are captured and recombine non-radiatively. In
the axially symmetric geometry the solution of Eqs. (10)
and (11) takes the form
nX(r) = n0 ln (r/r0), r > r0, (12)
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FIG. 5. (a) Measured PL lifetimes of as-exfoliated and
hBN-encapsulated WS2 monolayer samples as function of
the experimentally obtained diffusion coefficient in the lin-
ear regime. The as-exfoliated samples include those placed
on SiO2/Si substrates and freestanding flakes were suspended
across 5×5µm2 holes cut into SiN membranes (see Ref. 21
for details). (b) Schematic illustration of a propagating ex-
citon in a drift-diffusion model reaching a region facilitating
non-radiative recombination. (c) Free exciton density in the
vicinity of non-radiative trap region obtained from the model
according to the Eq. (12).
where n0 is the characteristic density of excitons between
the traps. The radial dependence of the free exciton
density nX(r) from Eq. (12) is illustrated in Fig. 5 (c).
We note that formally the density n(r) would diverge
at r → ∞. This is, however, an artifact of the two-
dimensional case. More importantly, for realistic scenar-
ios there are always other traps at finite distances that
would compensate the increase of nX(r).
The total flux Φ of the excitons towards the trap is
then readily found from the continuity equation
|Φ| = 2pir0DX dn
dr
∣∣∣∣
r=r0
= 2piDXn0, (13)
obtaining the recombination rate from the flux according
to:
1
τr
≡ NtrΦ
n0
= 2piDXNtr. (14)
Here Ntr represents the density of non-radiative recom-
bination traps, so that 1/(DXNtr) is associated with the
typical time which takes for exciton to diffuse between
the traps.
Notably, Eq. (14) corresponds to the experimentally
observed correlation τr ∝ D−1x , see Fig. 5(a), and
could thus be a reasonable interpretation of our find-
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ings. For the typical parameters of the studied hBN-
encapsulated WS2 monolayer samples in the low density
regime, τr=25ps and D=8 cm2/s, the effective density
of the non-radiative trap regions would be on the order
of 109 cm−2. The corresponding average separation be-
tween the traps of several 100’s of nanometers would then
limit the diffusion length in the studied samples. Here
we emphasize that, according to our model, Ntr repre-
sents an equivalent trap density assuming 100% capture
probability. For more realistic scenarios of finite cap-
ture cross-sections, the actual density of these regions
could be much higher. Their origin could be related ei-
ther to regions with high concentrations of point-defects
or, alternatively, to puddles of doping ,68 promoting non-
radiative recombination. Finally, we note that if the ef-
fective size of an individual trap center is much smaller
than the exciton mean free path, the capture time should
be independent of the diffusion coefficient, as discussed
in Appendix B.
V. NON-LINEAR REGIME ANALYSIS
In this section we discuss the regime of high excitation
densities, indicated by (3) in Fig. 2 (b), and the associ-
ated influence of Auger-like exciton-exciton scattering.
We demonstrate the influence of suppressed Auger re-
combination in hBN-encapsulated WS2 samples on the
exciton propagation and illustrate the absence of halo-
like shapes in the spatial distribution as a consequence
of comparatively slow Auger processes.
A. Suppressed Auger recombination
A key observation at high pump power conditions
is a linear increase of the effective diffusion coefficient
with the excitation density, presented in Fig. 2 (b) in a
double-logarithmic plot and illustrated in more detail in
Fig. 6 (a) on a linear scale. The absolute values of the
extracted diffusion coefficients are found to increase up
to 30 cm2/s and beyond both for hBN-encapsulated and
as-exfoliated WS2 samples. The slope, however, is more
than 200 times smaller in case of hBN-encapsulation indi-
cating a pronounced quantitative change in the efficiency
of the underlying processes with respect to the injected
densities.
As demonstrated in previous studies ,21,27 a linearly
increasing effective diffusion coefficient is attributed
to the impact of non-radiative Auger-type scattering
in TMDCs monolayers, commonly observed and often
labeled as exciton-exciton annihilation in the litera-
ture .16,17,19,54,69–72 When two excitons interact, one of
them can recombine and transfer the excess energy to
the other that is excited to higher energy states or disso-
ciated. In the context of exciton diffusion, faster Auger
recombination in the center of the spot leads to addi-
tional broadening of the exciton distribution and thus
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FIG. 6. (a) Linear increase of the effective diffusion coefficient
in hBN-encapsulated and as-exfoliated samples at elevated ex-
citation densities (1010 to 1012 cm−2). The respective slopes
of increasing effective D and the corresponding ratio are in-
dicated. (b), (c) Auger coefficients estimated from time- and
spatially-integrated total PL intensity as function of injected
electron-hole pair (exciton) density for as-exfoliated and hBN-
encapsulated samples, respectively. The fits with a bimolec-
ular Auger model with a fixed decay time in the low-density
linear regime (τexf=700 ps and τhBN=30ps) are shown by
solid lines together with the extracted Auger coefficients RA.
(d), (e) Extraction of the Auger coefficient from time resolved
data: Density dependent increase of the recombination rate is
plotted as a function of the exciton density. In the bimolecu-
lar approximation, the Auger coefficient corresponds directly
to the slope. Note the two orders of magnitude difference in
the densities on the x-axes for as-exfoliated (b, d) and hBN-
encapsulated (c, e) data.
to an apparent increase of the extracted diffusion coeffi-
cient .21,47 In addition, due to finite time-scales of exci-
ton relaxation and cooling, it can cause local heating of
the exciton population, contributing to increasingly rapid
propagation .27
Interestingly, while the Auger scattering of the ex-
citons was initially shown to be rather efficient in
as-exfoliated TMDC monolayers at room tempera-
ture ,16,17,69 it was found to be strongly suppressed upon
hBN-encapsulation .54 The measurements of the Auger
rates in our samples fully support these observations.
The effective Auger coefficient RA, defined via bimolec-
ular recombination rate rA = RA × n2X in a simple
model, can be extracted either from spatially- and time-
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integrated total luminescence intensities as shown in
Figs. 6 (b) and (c) or from the relative increase of the
PL decay rates plotted in Figs. 6 (d) and (e) .21 The lat-
ter method should be slightly more accurate and pro-
vide more reliable numbers, since it is directly based on
time-resolved traces of the emission, while the former is
rather sensitive on the lifetime parameter fixed to the lin-
ear regime. Nevertheless, for bimolecular non-radiative
recombination, both approaches should lead to similar
conclusions.
Altogether, we find strongly suppressed Auger recom-
bination as a consequence of encapsulation, with RA be-
ing as low as 0.004 cm2/s in contrast to RA = 0.4,cm2 for
the as-exfoliated samples. At the current stage we can
only speculate about the underlying reasons of such dras-
tic changes of RA, since an accurate microscopic descrip-
tion of the Auger-recombination is extremely challenging.
In principle one can suggest several possible origins. The
overall reduction of the Coulomb interaction due to en-
hanced dielectric screening from the hBN encapsulation
should already reduce Coulomb-mediated Auger scatter-
ing. The expected decrease should roughly scale with the
inverse square of the effective dielectric constant and thus
be on the order of 4. In addition, presence of disorder 32
in as-exfoliated samples may enhance the Auger rate ei-
ther due to the relaxation of the momentum conservation
rule leading to a larger phase-space for scattering or due
to the funneling of the excitons towards smaller local re-
gions with lower potentials. Alternatively, the shift in
the bandstructure from the renormalization induced by
additional dielectric screening from hBN would affect res-
onance conditions that may facilitate the efficiency of the
exciton-exciton scattering, as it was discussed for WSe2
monolayers .71,73
Most importantly, however, the reduction of the Auger
coefficients by two orders of magnitude between as-
exfoliated and hBN-encapsulated materials matches the
observed decrease of the slope of the effective diffusion
coefficients illustrated in Fig. 6 (a). We can thus con-
clude that exciton-exciton Auger recombination remains
the main origin of the non-linear diffusion at elevated
densities in the studied hBN-encapsulated WS2 mono-
layers. Due to the strong suppression of Auger, however,
the effect prominently appears only at about two-orders
of magnitude higher excitation densities in contrast to
the as-exfoliated samples.
B. Absence of exciton halos
An important additional consequence of the Auger re-
combination is the accumulation of excess energy in the
center of the excitation spot, as briefly mentioned in the
previous section. For each non-radiative exciton-exciton
scattering event, the remaining electron-hole pair gains
the energy equivalent to that of the optical transition,
that is about 2 eV in case of WS2. The energy is then
subsequently released in a cascade of emitted phonons
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FIG. 7. Spatially- and time-resolved images of the emitted
luminescence at elevated excitation density of 0.6×1011 cm−2
electron-hole pairs per pulse for a hBN-encapsulated WS2
monolayer (a) and an as-exfoliated sample on SiO2/Si sub-
strate (b). The data are shown on the same spatial and tem-
poral axes for direct comparison. The emission intensity is
presented in false-color on logarithmic scale in arbitrary units;
the scale is multiplied by factor of 4 in panel (a). Correspond-
ing results of the theoretical calculations using the model and
key parameters from Ref. 27 are presented in (c) and (d), with
the experimentally determined Auger coefficients of 0.004 and
0.4 cm2/s, respectively.
promoting carrier relaxation towards the respective band
minima and exciton formation. For sufficiently high den-
sities, efficient Auger scattering thus leads to a local heat-
ing of the non-equilibrium phonon and exciton systems.
The associated processes are discussed in detail in recent
reports .24,27
Notably, significant non-equilibrium populations of hot
phonons and excitons can lead to the appearance of ring-
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like halo shapes in the sample emission with strongly sup-
pressed luminescence in the center of the spot. This phe-
nomenon was previously observed in as-exfoliated WS2
and WSe2 monolayers exhibiting efficient Auger recom-
bination .21 As presented further above and illustrated in
Fig. 6, Auger scattering is strongly suppressed in hBN-
encapsulated samples by about two orders of magnitude.
Further considering the efficient diffusion counteracting
exciton drift currents and shorter lifetime effectively lim-
iting the observation window in hBN-encapsulated WS2
monolayers, one may thus not expect a rapid evolution
of the exciton distribution into halos.
A direct comparison of spatially- and time-resolved
streak images from hBN-encapsulated and as-exfoliated
WS2 samples is presented in Figs. 7 (a) and (b), respec-
tively. Both images were recorded at the same estimated
electron-hole pair density, taking into account differences
in the effective absorption of the two structures at the
pump laser energy. For the as-exfoliated sample, the de-
tected luminescence cross-section clearly illustrates the
evolution of a Gaussian distribution into a double peak
structure, that corresponds to a ring in a two-dimensional
distribution. In stark contrast to that, the emission of
the hBN-encapsulated sample retains the initial shape of
a peak during decay and does not exhibit hallmarks of a
halo formation.
For a quantitative support of the proposed interpre-
tation of our findings we employ the theoretical model
outlined in Ref. 27 for the two studied cases, fixing the
Auger coefficients and exciton lifetimes to experimentally
determined values to directly illustrate the associated
consequences. This microscopic model is similar to the
Bloch-equation approach briefly outlined in Section IVA
and described in more detail in the corresponding refer-
ences .27,46 The method is further extended to account
for Auger recombination and the subsequent emission of
hot optical phonons, which are reabsorbed by the exci-
tons, heating them up and leading to the formation of
halos in the exciton spatial profile. For the discussion of
the additional phonon-induced contributions to the exci-
ton currents that can also lead to the formation of halos,
please refer to the Ref. 24 (also see Ref. 74 for phonon-
assisted processes in exciton transport in bulk semicon-
ductors). Here, these contributions are omitted due to
slow phonon velocities compared to the average velocity
of excitons .60
The microscopic processes result in an unconventional
diffusion that can be described with a modified FickâĂŹs
law for the exciton current density j(r, t) as function of
density nX(r, t) and exciton temperature TX(r, t), that
reads:
j(r, t) = −D∇rnX(r, t)− σs∇rTX(r, t), (15)
with the diffusion coefficient D, the effective conductiv-
ity σ and the Seebeck coefficient s that can be calculated
microscopically taking into account exciton-phonon scat-
tering. Note that the coefficients D and σs implicitly
depend on nX and TX , respectively, as shown in detail
in Ref. 27. The first term of Eq. 15 corresponds to the
conventional diffusion law and the second one appears for
a non-uniform exciton temperature distribution TX(r, t)
driving the excitons from “hotter” towards “colder” re-
gions. The local increase of the exciton temperature is
caused by the reabsorption of hot optical phonons that
are emitted by high-energy Auger-scattered excitons. We
trace these complex processes by numerically solving the
spatio-temporal Bloch-equations described in Ref. 27.
The results of the calculations are presented in
Figs. 7 (c) and (d) for two different Auger coefficients of
0.004 and 0.4 cm2/s, respectively. While the PL decay in
as-exfoliated samples is already well described by Auger
recombination due to much slower low-density lifetime,
a decay time of 20 ps is included in the model for hBN-
encapsulated samples to account for a more efficient ex-
citon trapping, as discussed in Section IVC. Overall, the
model accurately reproduces the main features observed
in the experiment. In particular, the experimentally de-
termined decrease of the Auger coefficient by two or-
ders of magnitude is found to be sufficient to completely
suppress halo formation for the case corresponding to
hBN-encapsulated sample, confirming our main interpre-
tation. We note that while halo formation may still ap-
pear at even higher densities, the exciton ionization at
the Mott transition at about 1013 cm−2 estimated from
Ref. 53 should provide a natural upper limit. Overall, we
conclude that all non-linear phenomena in the exciton
propagation driven by Auger recombination are found to
be strongly suppressed upon hBN-encapsulation.
VI. CONCLUSIONS
In this work we have explored linear and non-linear
diffusion of excitons in hBN-encapsulated WS2 mono-
layer materials at room temperature and ambient con-
ditions. The encapsulation suppresses dielectric disorder
that is otherwise inherent for typical as-exfoliated sam-
ples strongly affecting propagation of the photoexcita-
tions .32 Exciton diffusion was experimentally studied by
the means of spatially- and time-resolved photolumines-
cence imaging microscopy, varying excitation densities
across many orders of magnitude. The observations were
analyzed using a combination of numerical and analytical
theoretical approaches providing insight into the under-
lying microscopic mechanisms. In summary, we arrive at
the following main conclusions:
i. Exciton diffusion is highly efficient in the lin-
ear regime with diffusion coefficients on the order
of 5 to 10 cm2/s, that correspond to an effective
mean free path of about 20 nm at room tempera-
ture (Sec. III). For an accurate description of the
exciton propagation we demonstrate the influence
of the complex exciton bandstructure of WS2 and
the particular importance of spin- and momentum-
dark states (Sec. IVA).
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ii. Free electron-hole plasma can facilitate rapid
diffusion at sufficiently low excitation densities
due to entropy ionization of excitons in hBN-
encapsulated samples with binding energies on the
order of 200meV. We show that already at injection
densities below 1010 cm2 we could expect sizable
fractions of free charge carriers leading to faster ef-
fective diffusion of the total population (Sec. IVB).
iii. Short population lifetime accompanies in-
creased diffusion upon encapsulation, as we
demonstrate through consistent observations based
on a large number of individual measurements. We
provide a pathway to understand these findings by
illustrating a possible relationship between rapid
propagation and fast capture into non-radiative
trap regions (Sec. IVC).
iv. Propagation phenomena driven by Auger-
recombination are strongly suppressed in
contrast to as-exfoliated samples. While we observe
a linear increase of the effective diffusion coefficient
at elevated excitation densities due to Auger pro-
cesses in analogy to the behavior of as-exfoliated
monolayers, the slope is lower by about two orders
of magnitude (Sec.VA). It is directly proportional
to the strongly reduced efficiency of the Auger scat-
tering that influences measured effective diffusion
coefficients .21,47 As a consequence, all phenomena
associated with the excitonic Auger processes 24,27
are far less efficient or largely suppressed, including
ring-shaped halo formation in the exciton emission
(Sec.VB).
Overall, we find rich and non-trivial exciton propa-
gation dynamics in monolayer samples with suppressed
disorder and present pathways towards microscopic un-
derstanding of the experimental observations. Notably,
the phenomena associated with complexities of the elec-
tronic and excitonic bandstructure, presence of both ex-
citons and free charge carriers, as well as inter-excitonic
interactions are shown to be of particular importance. In
conclusion, a better understanding of the inherent prop-
erties of van der Waals monolayer semiconductors should
strongly motivate fundamental investigation, manipula-
tion, and control of interacting quasiparticles in ultra-
thin materials, stimulating future research.
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Appendix A: Exciton entropy ionization
Here we present a more detailed discussion of the mass
action law. It is followed by the application for a multi-
band scenario in thermodynamic equilibrium including a
full set of equations for the studied case of WS2 mono-
layer and their numerical solutions. Finally we show that
an arbitrary multi-band scenario can be reduced to an
effective two-component model when only the total elec-
tron, hole, and exciton densities are considered.
1. Derivation of the mass action law
The mass action law was originally proposed in the
XIX century to describe ratios of chemical reaction com-
ponents in the steady state. It was subsequently adopted
for the description of exciton quasiparticles in semicon-
ductors formed from free electrons and holes .63,75 Here
we recall the derivation of the mass-action law to moti-
vate its subsequent expansion for a more complex multi-
valley scenario used to describe the studied case of hBN-
encapsulated WS2 monolayers.
First, we consider the free energy density of a two-
band system consisting of free electrons, free holes, and
excitons with the respective densities ne, nh, and nX .
For elevated temperatures and moderate to low densities
(kBT  np/Dp, see below) we can use the classical gas
approximation for exciton and free charge carrier statis-
tics. For the typical parameters of TMDCs monolayers
it should be valid up to the densities of several 1012 cm−2
at room temperature. The free energy then reads:
F = nekBT
(
ln
ne
DekBT − 1
)
+ nhkBT
(
ln
nh
DhkBT − 1
)
+ nXkBT
(
ln
nX
DXkBT − 1
)
− EbnX . (A1)
Here, T is the carrier temperature, De,h,X are the re-
spective densities of states (in two dimensions equal to
gm/2pi~2 with center-of-mass m and degeneracy g), and
Eb > 0 is the exciton binding energy. In order to deter-
mine the densities of the particles we need to minimize
the free energy under the following conditions:
Ntot = nX + nh, (A2)
ne = nh + n
(0)
e . (A3)
The first condition means that the total density Ntot of
optically excited electron-hole pairs is redistributed be-
tween the excitons and plasma. The second condition
implies that the total density of electrons in the system
is equal to the density of photogenerated electrons (given
by the density of free holes) plus the resident electrons
n
(0)
e provided by doping. Introducing the Lagrange mul-
tipliers λ1 and λ2 and minimizing
L(ne, nh, nX ;λ1, λ2) = F + λ1(Ntot − nX − nh)
+λ2(ne − nh − n(0)e ) (A4)
by using the conditions ∂L/∂ne = 0, ∂L/∂nh = 0, and
∂L/∂nX = 0 we obtain the following set of equations:
0 = kBT
(
ln
ne
DekBT
)
+ λ2 (A5a)
0 = kBT
(
ln
nh
DhkBT
)
− λ1 − λ2 (A5b)
0 = kBT
(
ln
nX
DXkBT
)
− EB − λ1 (A5c)
Excluding λ1 and λ1 from the Eqs. (A5a)-(A5c) we obtain
the mass action law, also known as the Saha-equation:
nenh
nX
=
DeDh
DX kBTe
−Eb/kBT ≡ S. (A6)
Here, one can use the parameter S for the right hand
side of Eq. (A6), that becomes a constant in units of
density for a given set of material parameters and fixed
temperature. Introducing the exciton fraction αX =
nX/(nX +nh), i.e., the ratio of exciton density to the to-
tal number of photoexcited electron-hole pairs (excluding
residual electrons from doping), we obtain the analytical
solution of the Eq. (A6):
αX = 1 +
S + n
(0)
e
2Ntot
−
√√√√(S + n(0)e
2Ntot
)2
+
S
Ntot
. (A7)
2. Multi-band 2D semiconductor
We now consider a more complex multi-valley band-
structure of the studied WS2 monolayers. Following the
previous section we include all relevant electron, hole,
and exciton states in the free energy density in analogy
to Eq. (A1). The single-particle electron bandstructure
is schematically illustrated in Fig. 8 (a). For the elec-
trons the bands are: upper and lower spin-split bands
at K and K ′ (with densities nuKe and nlKe ) as well as
three-fold-degenerate Λ and Λ′ valleys (summarized by
nΛe ). For the holes we include only the upper valley at
K ′ (nKh ) due to a very large spin-splitting in the valence
band.
The exciton bandstructure is schematically presented
in Fig. 8 (b). The exciton states are composed from com-
binations of the holes atK andK ′ with electrons in upper
and lower K and K ′ as well as in Λ and Λ′ valleys (see
Fig. 3 (a) in the main text). They are denoted by the re-
spective electronic transitions and grouped according to
their masses and relative energies. The terms “singlet”
and “triplet” correspond to the exciton total spin from
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FIG. 8. Schematic representations of the electron (a) and exciton (b) bandstructures of hBN-encapsulated WS2 monolayer.
The excitons are labeled according to the respective electronic transitions from K or K′ in the valence band to K, K′, Λ, or
Λ′ in the conduction band. Corresponding parameters of the relevant states are given in the tables I and II.
Electron state m/m0 ∆e(meV) deg.
CB, upper K, K ′ 0.27 0 2x
CB, lower K, K ′ 0.36 -31 2x
CB, Λ, Λ′ 0.64 27 6x
VB, upper K, K ′ 0.36 - 2x
TABLE I. Electron bandstructure parameters for the electron
states in conduction (CB) and upper valence (VB) bands.
the combined electron and hole constituents. The exci-
ton states are: K − K, K ′ − K ′ singlet and K − K ′,
K ′−K triplet excitons with the electron in the upper K
and K ′ conduction bands (nuKX ), K−K, K ′−K ′ triplet
and K−K ′, K ′−K singlet excitons with the electron in
the lower K and K ′ conduction bands (nlKX ), as well as
three-fold-degenerate K−Λ, K ′−Λ′ singlets and K−Λ′,
K ′ − Λ triplets (summarized by nΛX) with the electrons
in the Λ and Λ′ valleys.
The relevant parameters of the electron, hole, and ex-
citon states are summarized in the tables I and II. In-
cluded are total masses m (in units of free electron mass
m0), energy offsets ∆ with respect to the upper state
at K, binding energies for the excitons Eb and the de-
generacy factors. The values for the single particle con-
duction and valence band states are taken from ab-initio
literature results .56 The exciton binding energies are cal-
culated in the effective mass approximation using two-
dimensional model for the Coulomb interaction 2,3 with
hBN as a dielectric screening medium. We note that
while the resulting electron and exciton bandstructures
should be realistic and representative, the specific values
for the conduction band structure of the TMDCs are still
under discussion in the community, both from theoretical
and experimental perspectives. Thus, one could generally
Exciton state m/m0 Eb(meV) ∆X(meV) deg.
e: upper K, K ′ 0.63 183 0 4x
e: lower K, K ′ 0.72 202 -50 4x
e: Λ, Λ′ 1.0 236 -26 12x
TABLE II. Exciton bandstructure parameters for the excitons
with the hole in the upper K and K′, labeled according to
the states of the electron (e) constituents.
expect deviations from the numbers given in the tables I
and II. Nevertheless, as we also discuss in the main text,
the key conclusions appear to be robust with respect to
reasonable variations of these parameters.
The resulting expression for the free energy density
then reads:
F = nuKe kBT
(
ln
nuKe
DuKe kBT
− 1
)
(A8)
+ nlKe kBT
(
ln
nlKe
DlKe kBT
− 1
)
+ nlKe ∆
K
e
+ nΛe kBT
(
ln
nΛe
DΛe kBT
− 1
)
+ nΛe ∆
Λ
e
+ nKh kBT
(
ln
nKh
DKh kBT
− 1
)
+ nuKX kBT
(
ln
nuKX
DuKX kBT
− 1
)
− nuKX EuKb
+ nlKX kBT
(
ln
nlKX
DlKX kBT
− 1
)
+ nlKX (−ElKb + ∆Ke )
+ nΛXkBT
(
ln
nΛX
DΛXkBT
− 1
)
+ nΛX(−EΛb + ∆Λe )
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FIG. 9. (a) Numerical results of the multi-band calculation
of the individual equilibrium densities of free electrons, holes,
and excitons with the bandstructure and exciton parame-
ters of hBN-encapsulated WS2 at T =300K. (b) Total ex-
citon fraction from the multi-band calculations and the cor-
responding fit by the two-band Saha model (Eq. (A6) with
S=2.5×108 cm−2.
Here, Eb and ∆e with corresponding superscripts are
the exciton binding energies, and conduction band energy
offsets relative to the upper K valley state, respectively.
Note that for the exciton contributions, one can alterna-
tively also use the exciton energy offsets ∆X relative to
the K − K singlet state minus the exciton binding en-
ergy of the latter (EuKb ), c.f. Fig. 8 (b). The densities of
states, denoted by D, depend on the values of the total
mass m and are proportional to the degeneracy of the
corresponding state. They are given by:
DuKe = 2
muKe
2pi~2
, DlKe = 2
mlKe
2pi~2
, DΛe = 6
mΛe
2pi~2
,
DKh = 2
mKh
2pi~2
(A9)
DuKX = 4
muKX
2pi~2
, DlKX = 4
mlKX
2pi~2
, DΛX = 12
mΛX
2pi~2
.
The conservation of the total particle density Ntot and
charge neutrality condition read:
Ntot = n
K
h + n
uK
X + n
lK
X + n
Λ
X (A10)
nuKe + n
lK
e + n
Λ
e + n
(0)
h = n
K
h + n
(0)
e (A11)
In Eq. (A11) one can include residual electron and hole
doping densities n(0)e and n
(0)
h , respectively. In the fol-
lowing they are set to zero to illustrate the case of an
undoped system.
In analogy to the derivation of the mass action law for
the two-band scenario discussed in the previous section,
we combine Eqs. (A8),(A10), and (A11) using Lagrange
formalism and obtain the following set of equations:
0 = kBT
(
ln
nuKe
DuKe kBT
)
+ λ2 (A12a)
0 = kBT
(
ln
nlKe
DlKe kBT
)
+ ∆Ke + λ2 (A12b)
0 = kBT
(
ln
nΛe
DΛe kBT
)
+ ∆Λe + λ2 (A12c)
0 = kBT
(
ln
nKh
DKh kBT
)
− λ1 − λ2 (A12d)
0 = kBT
(
ln
nuKX
DuKX kBT
)
− EuKb − λ1 (A12e)
0 = kBT
(
ln
nlKX
DlKX kBT
)
+ ∆Ke − ElKb − λ1 (A12f)
0 = kBT
(
ln
nΛX
DΛXkBT
)
+ ∆Λe − EΛb − λ1 (A12g)
The Eqs. (A12a)-(A12g) are numerically solved for the
carrier temperature of T =300K. The resulting individ-
ual densities of electrons, holes, and excitons are pre-
sented in Fig. 9 (a) for the range of total densities be-
tween 108 and 1011 cm−2. At elevated densities beyond
1010 cm−2 the majority of the carriers are indeed bound
to excitons, formed by the holes at K and K ′ and the
electrons either at the lower spin-split K and K ′ or at
Λ and Λ′ valleys. At lower densities relative populations
of the free charge carriers increase. In particular, free
holes have the highest relative occupation for densities of
109 cm−2 and below.
The total exciton fraction can be evaluated by com-
puting the sum of the nuKX , n
lK
X , and n
Λ
X densities di-
vided by the total density as shown in Fig. 9 (b). The
obtained fraction can be then described by a simpler,
analytical case of a two-band Saha model using Eq. (A6)
and a Saha-parameter S (here, S=2.5×108 cm−2). As il-
lustrated in the main text, this can be advantageous for
the subsequent implementation and estimation of the ex-
citon fraction that we then use to analyze the combined
diffusion dynamics of the exciton and free carrier mix-
tures. Below we demonstrate that such a description is
indeed possible for an arbitrary multi-band system.
3. Saha parameter for an arbitrary multi-band
scenario
Following the above arguments we show that any
multi-band scenario with an arbitrary number of elec-
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tron (ne,i), hole (nh,j), and exciton (nX,k) states can be
reduced to a simple Saha equation for the total densities.
The general form of the free energy density reads:
F =
∑
i
ne,ikBT
(
ln
ne,i
De,ikBT − 1
)
+ ne,iEe,i (A13)
+
∑
j
nh,jkBT
(
ln
nh,j
Dh,jkBT − 1
)
+ nh,jEh,j
+
∑
k
nX,kkBT
(
ln
nX,k
DX,kkBT − 1
)
+ nX,kEX,k
where D and E are the densities of states and energy
differences of the corresponding states, respectively (the
later include the binding energies for excitons with a
negative sign). The total particle number Ntot and the
charge neutrality conservation conditions are:
Ntot =
∑
j
nh,j +
∑
k
nX,k (A14)∑
i
ne,i =
∑
j
nh,j . (A15)
With the Lagrange multipliers λ1 and λ2 we thus obtain
L(ne,i, . . . , nh,j , . . . , nX,k, . . . ;λ1, λ2) = (A16)
F + λ1(Ntot −
∑
j
nh,j −
∑
k
nX,k)
+λ2(
∑
i
ne,i −
∑
j
nh,j).
Minimizing L using conditions ∂L/∂ne = 0, ∂L/∂nh = 0,
and ∂L/∂nX = 0 provides a set of equations with the
same structure for each i, j, and k:
0 = kBT
(
ln
ne,i
De,ikBT
)
+ Ee,i + λ2 (A17a)
0 = kBT
(
ln
nh,j
Dh,jkBT
)
+ Eh,j − λ1 − λ2 (A17b)
0 = kBT
(
ln
nX,k
DX,kkBT
)
+ EX,k − λ1 (A17c)
In analogy to Eq. (A6) we thus obtain a Saha-type equi-
librium equation for any combination of i, j, and k in the
form of:
ne,inh,j
nX,k
= S(i, j; k), (A18)
where we introduced the partial Saha-parameters:
S(i, j; k) =
De,iDh,j
DX,k kBTe
(−Ee,i−Eh,j+EX,k)/kBT .
Our ultimate goal is to present a compact expression
for the ratio n¯en¯h/n¯X . To that end one can readily ob-
tain
n¯en¯h
nX,k
=
∑
ij
S(i, j; k). (A19)
Next, we sum inverse of Eq. (A19) over excitonic states
k:
n¯X
n¯en¯h
=
∑
k
∑
ij
S(i, j; k)
−1 . (A20)
As a result, we arrive at an effective two-band Saha equa-
tion
n¯en¯h
n¯X
= S¯ (A21)
with
S¯−1 =
∑
k
∑
i,j
De,iDh,j
DX,k kBTe
−Ee,i−Eh,j+EX,k
kBT
−1 .
(A22)
Then the analytical solution from Eq. (A7) can be read-
ily used to compute density- and temperature-dependent
total exciton fractions for any arbitrary number of indi-
vidual electron, hole, and exciton bands.
Appendix B: Exciton recombination limited by
diffusion
In this section of the Appendix we present the general
case of the exciton capture into non-radiative trap regions
and discuss two limiting cases with respect to ratio of the
trap size and the exciton mean free path. First, let us
assume that the trap creates the potential field V (r) < 0,
i.e., an attractive potential for excitons. We then solve
the set of the continuity equations for the particle density
n (omitting hereafter all subscripts X and eh because the
consideration below is valid regardless of type of particles
we consider):
∂n
∂t
+∇ · j = 0, (B1)
where j is the exciton current density. The drift equation
for the j [cf. Eq. (15) and Ref. 24] takes the following
form in the vicinity of a trap:
j = jrer + jφeφ, (B2)
with
jr = D
dn
dr
+
τ
m
dV
dr
n, jφ = 0. (B3)
Here the subscripts r and φ denote the radial and az-
imuthal components of the current density, respectively
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(er is the radial and eφ is the azimuthal unit vectors).
The momentum scattering time of the particles is de-
noted by τ and their translational mass is represented by
m. Due to the continuity equation, the total radial com-
ponent of the flux Φ = 2pijr does not depend on r and is
a constant. We can thus represent Φ = cn0, where c is
the capture rate to the trap and n0 is the average exci-
ton density far from the trap. Making use of the relation
D = kBTτ/m, Eq. (B3) can be readily solved as
n(r) = n0 exp
(
−V (r)
kBT
)[
1− c
2piD
∫ ∞
r
exp
(
V (r)
kBT
)
dr
r
]
.
(B4)
In order to calculate the capture rate c and the non-
radiative lifetime we need to impose the boundary con-
dition at the trap. To that end we follow Ref. 67 and
assume that the total flux is given by
Φ = βn(r0), (B5)
where β is the parameter of the trap which can be related
to its geometrical capture rate, i.e., β ∼ pir0〈v〉) with 〈v〉
representing the thermal velocity of the incoming parti-
cles. As a result we obtain
Φ = cn0 =
βe−V (r0)/kBT
1 + β2piD
∫∞
r0
exp
(
V (r)−V (r0)
kBT
)
dr
r
n0. (B6)
As discussed in the main manuscript we define the re-
combination time of the excitons in the traps according
to:
1
τr
≡ NtrΦ
n0
(B7)
with Ntr being the density of the traps. From the
Eq. (B6) and the realistic limiting case |V (r)|  kBT
for r > r0 (i.e., between the traps) we find:
τr =
1
βNtr
+
1
2piDNtr
ln
(
1
r0
√
Ntr
)
. (B8)
Here we cut-off the divergent integral at r ∼ 1/√Ntr,
corresponding to the mean distance between the traps.
The first term in Eq. (B8) can be related to the geometric
capture time by the trap
τcap ∼ 1
pir0〈v〉Ntr . (B9)
The second term describes the capture limited by the
diffusion and agrees up to the logarithmic factor with
the estimate in the main text from Eq (14):
τD =
1
2piDXNtr
. (B10)
As one would also expect from qualitative arguments, the
capture time is thus controlled by the longest process that
is either the capture time τcap directly at the trap or the
particle diffusion time τD to the trap. Then the ratio
of the capture times is roughly given by the ratio of the
mean free path l to the trap radius r0:
τcap
τD
∼ `
r0
. (B11)
Thus, for comparatively small traps with r0  `, the
capture time at the trap τcap limits the lifetime and the
non-radiative recombination rate thus does not depend
on diffusion. In contrast to that, for sufficiently large
traps r0  `, the capture is limited by diffusion, as dis-
cussed in the main text.
